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Figure 5. Daily mean discharges for Bradley River near Tidewater (station number 15239070).
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The relations between discharge, percent ice cover, and mean velocity were not always obvi-
ous. Mean velocities plotted against discharge for varying ice conditions (figs. 6A-11A) highlight
this ambiguous relation. Mean velocity was expected to decrease with increased ice cover for any
given discharge, but this was not always the case. Mean velocities for ice cover of 80 to 100 percent
were smaller than those for ice cover of 30 percent or less, at both Bear Island and Tidewater
transects, but this pattern does not hold for the other transects. Mean velocity did decrease signif-
icantly during periods of rapid ice formation, such as that measured on January 11-12, 1995 (table
Al, appendix 2). At this time, formation of anchor ice, as well as surface ice, significantly
increased channel friction and resulted in lower mean velocities. The January 11-12, 1995 episode
is typical of early stages of ice development. Eventually, the river reaches a steady-state condition
where no additional ice is formed. The soft anchor ice is then eroded away leaving only the harder
surface ice. Such were the conditions at all six transects duhng February and December 1994, and
from February to March 1995. Mean velocity was expecte&h to decrease with decreasing discharge
for a given percent ice cover, but no consistent relation is 4pparent for any of the cross sections.

Surface-water velocities typically increased with increasing total water-column depth (mea-
sured from streambed to water surface) within each transect, except during periods of rapid ice for-
mation (figs. A-F, appendix 1; Rickman, 1995). Velocity| distribution within each transect also
varied significantly with changing ice conditions. Selected surface-water velocity distributions for
the six transects in the lower Bradley River are shown in figure 12. Each episode of ice formation
causes different and unique velocity distributions. This is most apparent at the Bear Island and Tree
Bar Reach transects (figs. 12A and 12C). None of the obﬁewed velocities were high enough to
cause channel scour, but higher velocities may have occurred between observations.

Surface-water velocities within each transect appear to be adequate for the discharges noted
during this study, regardless of ice conditions. However, velocity predictions at discharges of
40 £t3/s or less cannot be made because the discharges durmg this study were too high to allow rea-
sonable extrapolation to lesser discharges.

Surface-Water Depth

Adequate surface-water depth is necessary to ensure that enough hydrostatic pressure exists
to force movement of intragravel water needed to supply difsolved oxygen to the eggs and alevins,
and to remove metabolic waste (Reiser and White, 1981). Reported depths required for pink
salmon incubation range from greater than 0.2 ft (Woodward-Clyde, 1983, p. AS) to greater than
0.5 ft (Reiser and White, 1981; Morsell, 1994, p. 3). Woodward-Clyde used 0.2 ft as the minimum
allowable depth for adequate embryo development for theit instream flow model. Data of surface-
water depth for March 1993 to April 1994 have been previously reported (Rickman, 1995). Data
for November 1994 through April 1995 are presented in apﬂaendixes 1 (figs. A-F) and 2 (table Al).

Mean depths ranged from 0.55 ft at the Lower Riffle Reach transect (November 30, 1994,
discharge 46.8 ft3/s) to 1.95 ft at the below Fish Camp transect (January 12, 1995, discharge
42.6 ft3/s) and were usually smallest at the Lower Riffle Reach transect (fig. 11B). Within each
transect, depths were less than 0.2 ft near the streambanks. Mean depths at all the transects were
slightly larger than those predicted using the instream flow model for flows between 40 and
50 ft3/s. This may be due to channel changes resulting from the floods of October and December
1986.

12 Effect of Ice Formation and Streamflow on Salmon Incubation Habitatin the Lower Bradley River, Alaska
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Figure 6. Physical properties of Bradley River at Bear Island transect.
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Figure 8. Physical properties of Bradley River at Tree Bar Reach transect.
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Figure 10. Physical properties of Bradley River at Upper Riffle Reach transect.
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Mean depths were higher when ice cover exceeded 8p percent than when ice cover was less
than 30 percent for the Bear Island, Tidewater, and Tree Bar Reach transects (figs. 6B-8B). No
apparent relation exists between ice cover and mean depth at the Below Fish Camp, Upper Riffle
Reach, and Lower Riffle Reach transects (figs. 9B-11B). Mean depths did decrease with decreasing
discharge, for similar ice conditions, for the Bear Island and Lower Riffle Reach transects. The
reldtion between depth and discharge for similar ice conditions is ambiguous at the remaining
transects, where each episode of ice formation caused a diﬂferent and unique velocity distribution.
Depth in the lower Bradley River does not appear to be a significant factor affecting salmon egg
and alevin habitat, except possibly at Lower Riffle Reach. Shallow depths at Lower Riffle Reach
may explain why pink salmon spawning has decreased in this area, but a more likely explanation
is silt deposition (Morsell and Howard, 1995). 1

Wetted Perimeter |

Wetted perimeter is defined for this report as the part of streambed within a transect that is
wetted by surface water, and does not include the ice/water boundary. Prior to flow regulation in
the lower Bradley River, wetted perimeter during summer sELawnin g was much larger than that dur-
ing egg and alevin development during the winter. As a result, most of the eggs deposited in the
summer were dewatered and frozen during the winter, redulting in a high mortality rate (Wood-
ward-Clyde, 1983, p. 47; Rickman, 1993, p. 12). The Woodward-Clydc instream flow study
showed little difference in wetted perimeter (less than 15 percent) for flows between 30 and
50 ft>/s, but did not account for the expected increase caused by ice formation. Rundquist and
Baldrige (1990, p. 82) suggested that incubation habitat would encompass 98.6 percent of the
usable spawning habitat (assuming a discharge of 100 ft3/s during spawning) at 40 ft3/s and 97.2

percent at 30 ft3/s. |

Wetted perimeter data for March 1993 to April 199j have been reported previously (Rick-
man, 1995). Data for November 1994 through April 1995 are presented in appendixes 1 and 2. Wet-
ted perimeter ranged from 35.6 ft for the Tidewater transect (March 11, 1993, discharge 56 ft/s,
ice cover less than 10 percent; Rickman, 1995) to 118 ft for the Upper Riffle Reach transect (Jan-
uary 12, 1995, discharge 50.5 ft3/s, 100 percent ice cover). From March 1993 to April 1995, the
Tidewater transect had the least wetted perimeter variability (range 35.6 to 43.8 ft), probably
because the channel is narrow and deep, with steep streambanks. Tree Bar and Upper Riffle reach
transects had the greatest variability. |

No apparent relation exists between percent ice cover and wetted perimeter for similar dis-
charges (figs. 6C -11C). Ice sometimes freezes to the streajn bottom along the streambanks, result-
ing in dry, frozen stream gravels. Other times, the ice may not freeze to the bottom, but instead it
may cause a backwater condition to increase wetted perirﬁeter, as was expected. Ice may also be
bridged and have no effect on wetted perimeter.

Wetted perimeter does not appear to be a function of discharge for any given percent ice
cover. Graphs of discharge plotted against wetted perimeter (figs. 6C-11C) show a wide scatter in
the data with few or no trends. Discharges of 40 ft>/s or less will probably have little effect on wet-
ted perimeter as shown by the data presented here and the Woodward-Clyde open-water instream
flow study.

20 Effect of Ice Formation and Streamflow on Saimon Incubation Habitat in the Lower Bradley River, Alaska



FIELD WATER-QUALITY DATA
Temperature

Development rate, survival, size of hatched alevins, and the percentage of deformities are
related to water temperature during incubation (Groot and Margolis, 1991, p. 156). Cold water is
able to hold a higher concentration of dissolved oxygen than warm water, which is beneficial to
salmon embryo development. Water that is too cold retards development. Severe icing of the
streambed can cut off oxygen supplies to the intragravel water. The effect of temperature on the
rate of development in salmonids has been well documented (Groot and Margolis, 1991, p. 159).
Warmer temperatures result in faster development. Development rate is proportional to thermal
input and expressed in degree-days Celsius, and varies widely among fish stocks. Hatching has
been found to occur roughly 100 to 600 degree-days after fertilization, depending on stock. Stock
differences between and within pink salmon populations permit adaptive adjustments in hatching
and emergence timing to thermal characteristics of individual streams (Groot and Margolis, 1991,
p. 159). The degree-days required for the lower Bradley River stock has not been investigated. In
the lower Bradley River, eggs hatch in January, and the alevins remain in the gravel throughout the
winter (John Morsell, Northern Ecological Services, oral commun., 1995). The exact time of emer-
gence in the lower Bradley River is not known, but is suspected to be late March or early April.
Analysis of intragravel-water temperature data for Bradley River near Tidewater from January 1
to April 1 gives 80, 106, and 99 degree-days for 1993, 1994, and 1995 water years, respectively.
This is much lower than the 450 to 640 degree-days from hatching to emergence reported by Godin
(1980, p. 741).

Intragravel-water temperature is generally warmer than surface-water temperature during the
winter months in glaciated streams (Baldrige and Trihey, 1982). This is true for the lower Bradley
River where the intragravel-water temperature is generally 0.5 to 1.0 °C warmer than surface water
(fig. 13). Surface-water temperatures measured at all the transects were within 0.5 °C of each other
on any given date (Rickman, 1995; appendix 2, table A2). Surface-water temperature was usually
0 °C during periods of ice formation, regardless of discharge. Changes in surface and intragravel-
water temperature were mostly a function of periodic warm rains and do not seem to be related to
stream discharge. Neither surface- nor intragravel-water temperatures are expected to change at
lesser discharges of 30 to 40 ft3/s in the lower Bradley River.

Dissolved Oxygen

Adequate intragravel-water dissolved oxygen is necessary for salmon incubation success.
The U.S. Environmental Protection Agency (USEPA, 1977) recommends a minimum of 5 mg/L
dissolved oxygen to protect early life stages of cold water biota. Exchange of surface water with
intragravel water is largely responsible for the maintenance of intragravel dissolved oxygen (Vaux,
1968). This exchange is controlled by depth and velocity of surface water, channel morphology,
and streambed permeability (Wickett, 1954; Coble, 1961; Shumway and others, 1964; Chapman
and McLeod, 1987).

Dissolved-oxygen data for the lower Bradley River, March 1993 to April 1994 have been pre-
viously reported (Rickman, 1995). Data for November 1994 to April 1995 are presented in appen-
dix 2 (table A2). Concentrations of surface-water dissolved oxygen ranged from 13.0 mg/L at the
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Upper Riffle Reach transect on April 5, 1995 (discharge 56.9 ft3/s, less than 10 percent ice cover,
water temperature 1.0 °C) to 15.0 mg/L at the Below Fish Camp transect on December 1, 1994 (dis-
charge approximately 48 ft3/s, 100 percent ice cover, water temperature 0.0 °C). Dissolved oxygen
in surface water, expressed as percent saturation, ranged from 95 to 104 percent from March 1993
to April 1995. The high saturation is expected because water discharged from the fish-water bypass
and tributary streams flows over numerous waterfalls before entering the lower Bradley River.
Concentrations of intragravel dissolved oxygen ranged from 10.1 mg/L at the Lower Riffle Reach
transect on November 30, 1994 (discharge 46.8 ft3/s, 100 percent ice cover, 0.90 ft depth of water
above streambed, surface-water velocity 1.2 ft/s, intragravel-water temperature unknown) to
14.1 mg/L at the Bear Island transect on March 1, 1995 (discharge 53 ft/s, 30 percent ice cover,
0.45 ft depth of water above streambed, surface-water velocity 0.3 ft/s, intragravel-water temper-
ature unknown). All dissolved-oxygen concentrations were well above the concentration recom-
mended by the USEPA.

Concentrations of surface-water and intragravel dissolved oxygen are plotted against dis-
tance downstream throughout the study area (fig. 14). Variance in the intragravel concentrations is
much greater than in the surface-water concentrations. The reason for this is unknown.

No clear relations exist between percent ice cover, discharge, and intragravel dissolved-
oxygen concentrations (figs. 6D- 11D). In many cases, concentrations of intragravel dissolved oxy-
gen were proportional to the percent ice cover, and inversely proportional to discharge. The reason
for this is not clear, but may be a function of intragravel-water temperature. Observed intragravel
and surface-water dissolved-oxygen concentrations were excellent for salmon egg, alevin, and fry
development for stream-water discharges greater than 45 ft3/s at all six transects. The data indicate
that adequate dissolved-oxygen concentrations will occur at lesser flows, and that oxygen content
is not the limiting factor for determining the minimum acceptable flow limit.

Specific Conductance

Intrusion of seawater into the lower Bradley River during periods of high tides is a function
of river discharge (Woodward-Clyde, 1983, p. 48). Seawater intrusion is most likely to occur dur-
ing the winter months when river discharge is lowest. Pink salmon often spawn in intertidal zones.
Pink salmon eggs and alevins are tolerant to short exposures to seawater (Groot and Margolis,
1991, p. 156). The Woodward-Clyde study (1983, p. 55) showed that seawater intrusion would not
be a factor within the study reach. Specific conductance may also be an indicator of ground-water
contribution to stream discharge (Riggs, 1972, p. 12).

Specific conductance data for the lower Bradley River, March 1983 to April 1994 have been
previously reported (Rickman, 1995). Data for November 1994 to April 1995 are presented in
appendix 2 (table A2). From March 1993 to April 1995, specific conductance ranged from 60 to
76 nS/cm and did not vary significantly spatially or temporally. There was no indication of
seawater intrusion from measurements taken immediately following high tides (March 1993,
November to December 1994) which caused river water to back up in the study reach. Ground-
water contributions to total river discharge cannot be determined from the specific conductance
data. Specific conductance is not a factor for determining the effects of lesser flows on salmon incu-
bation habitat in the lower Bradley River.
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Figure 14. Dissolved oxygen concentrations at the six study transects, December 1993

to April 1995.

(Graphs are displayed in chronological order from A to F. See figure 3 for location of study sites.)
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STREAMBED STABILITY AND PERMEABILITY
Fine Sediment Deposition

Measurement of fine sediment deposition in the lower Bradley River was beyond the scope
of this study. However, field observations, stream discharge, and water-quality data have provided
insight concerning the effects of sedimentation on Bradley River salmon incubation habitat. There
are many definitions of particle size that constitutes “fine sediment” (Chapman and McLeod,
1987), but because particle size determination was not within the scope of this study, “fine sedi-
ment” will be used in a qualitative sense for purposes of discussion. Large quantities of fine sedi-
ment in salmon spawning beds can have severe adverse impacts on incubating salmon (Chapman
and McLeod, 1987; Groot and Margolis, 1991). The largest effect of sediment deposition is
reduced gravel permeability, which can reduce intragravel \ﬁow and decrease intragravel dissolved
oxygen (Vaux, 1968; Wickett, 1954; Woods, 1980). chkbtt found good survival in the presence
of much surface sediment if adequate intragravel-water upwelling occurred. Large quantities of
sediment can also hamper alevin movement and fry emergence.

Rundquist and others (1985, p. 86) noted deposition of fine sediment up to 0.3 ft thick in
dewatered areas during winter flows. Field observations at the Upper and Lower Riffle Reaches
showed similar deposits in low-velocity areas within the bvetted perimeter of the river following
high tide cycles. Morsell and others (1993) noted that the Lower Riffle Reach had, at that time,
been abandoned as a spawning area, while new spawning areas have opened up above Bear Island.
This may be due to sediment deposition during high tides. Reduction of peak discharges following
dam construction has lessened the ability of the river to flush fine sediment. Conversely, fine sedi-
ment load to the lower river from the upper Bradley River basin has probably decreased as a result
of flow regulation. The North Fork and lower Middle Fork Bradley Rivers are clear-water non-gla-
cial streams. They contribute a significant portion of the flow into the lower Bradley River, and this
portion increases as the total flow decreases.

Fine sediment reduces gravel permeability, which reduces the interchange between surface
and intragravel waters. A method to quantify this is to look at the percentage of dissolved-oxygen
interchange between surface and intragravel-waters (Woods, 1980). Percentage of dissolved-oxy-
gen interchange is defined using the equation:

P =1/ x 100

where P is interchange percentage, / is intragravel dissolyed-oxygen concentration, and S is dis-
solved-oxygen concentration of surface water.

The interchange percentages at all six transects for each field visit are shown in figure 15.
Interchange percentages ranged from 68 at the Lower Riffle Reach transect (December 1, 1994) to
98 at Bear Island and Upper Riffle Reach transects (March 1, 1995). No consistent patterns of inter-
change percentage change from upstream to downstream are apparent within the study reach. Inter-
change percentages are high for all ice conditions and ﬂox\*s noted during this study, but additional
data are needed to determine the effects of lesser flows. |
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(Graphs are displayed in chronological order from A to F. See figure 3 for location of study sites.)
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APPENDIX 1

Cross-section and velocity distribution of the lower Bradley River:
At Bear Island

Near Tidewater

At Tree Bar Reach

. Below Fish Camp

At Upper Riffle Reach

At Lower Riffle Reach
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Figure A. Cross-section and velocity distribution of the Iowér Bradley River at Bear Island
(see figure 3 for transect locatian)
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Figure B. Cross section and velocity distribution of the lower Bradley River near Tidewater
(see figure 3 for transect location)
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Figure C. Cross section and velocity distribution of the lower Bradley River at Tree Bar Reach
(see figure 3 for transect location)
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Figure C. Continued.
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Figure C. Continued.
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Figure D. Cross section and velocity distribution of the lower Bradley River below Fish Camp
(see figure 3 for transect location)
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Figure D. Continued.
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Figure D. Continued.

A-14 Effect of lce Formation and Streamflow on Salmon incubation Habitat in the Lower Bradley River, Alaska



BRADLEY RIVER BELOW FISH CAMP

CROSS SECTION
20 T T T T T T T T T T T | EE— T

Water surface 125ft. ¢

ELEVATION, IN FEET
ARBITRARY DATUM

10 . 1 A 1 . 1 . 1 L ] . ] . 1 A
0 20 40 60 80 100 120 140 160

DISTANCE FROM LEFT BANK, IN FEET

Date of survey, ice conditions, and discharge

—— June 29, 1993, open-water baseline

—— April 5, 1995, minor shore ice
Discharge, 57.9 cubic feet per second

a VELOCITY DISTRIBUTION

g 3 [ T T ™ T i T T T T T — T i T

[&]

i} 3 3
%) L 4
E 3 d
o 2 -:
T ]
w L

I'L -

< t ]
Q J
o [ ]
o 0 s i f 1 A 1 . . I " 1 L 1 L
>0 20 40 60 80 100 120 140 160

DISTANCE FROM LEFT BANK, IN FEET

Date of survey, ice conditions, and discharge

—— April 5, 1995, minor shore ice
Discharge, 57.9 cubic feet per second

Figure D. Continued.
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Figure E. Cross section and velocity distribution of the lower Bradley River at Upper Riffle Reach
(see figure 3 for transect location)
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Figure E. Continued.
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Figure F. Cross section and velocity distribution of the Lower Bradley River at Lower Riffle Reach
(see figure 3 for transect location)
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Figure F. Continued.
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APPENDIX 2

Table Al: Selected hydraulic properties for the lower Bradley River, November 1994 to April 1995

Table A2. Selected water-quality data and site characteristics for the lower Bradley River,
November 1994 to April 1995
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Table A1. Selected hydraulic properties for the lower Bradley River, November 1994 to April 1995.

[ft, foot; ft2, square foot; ft/s; foot per second; ft>/s, cubic foot per second; <, less than; >, more than]

Ice

Tnsectate gy, oover DSSKEGe ool dogy cepn TPMIN AR ooty g
' dont) (percent)  (fs) (i) (f) ()
BearIsland 12-01-94 100 45.5 >8 0.66 0.80 93.0 74.6 93.9 0.79
01-11-95 80 62.7 8 0.49 1.22 105 129 106 1.23
03-01-95 30 53.0 8 0.98 0.67 81.0 54.3 81.3 0.70
040595 <10 56.7 5 091 0.72 85.8 62.2 86.5 0.70
Tidewater 12-01-94 100 55.2 >8 0.76 1.74 41.5 72.2 433 1.67
01-12-95 90 (@ - - -- - - - -
03-01-95 100 525 8 1.11 1.25 38.0 474 38.6 1.23
04-05-95 0 57.1 8 1.13 1.26 40.0 50.4 40.5 1.24
Tree Bar  11-30-94 100 51.8 >8 1.19 0.93 59.0 55.0 60.1 0.92
Reach
01-1295 90 (a) - - - - - - -
02-28-95 100 56.5 8 0.97 0.84 69.0 58.0 69.9 0.85
04-04-95 <10 55.3 5 1.24 0.65 69.0 44.5 69.2 0.64
Below Fish  11-29-94 100 48.4 >8 0.67 1.22 59.7 72.7 60.1 1.21
Camp
01-12-95 100 42.6 >8 0.34 1.95 64.0 125 64.5 1.94
03-01-95 100 47.5 b>8 0.79 0.98 61.0 60.1 61.3 0.99
04-04-95 <10 57.9 8 0.81 1.23 58.0 71.5 583 1.23
Upper Riffle 12-01-94 100 47.1 558 0.72 0.79 77.6 614 80.3 0.76
Reach
01-12-95 100 50.5 >8 033 1.43 116 166 118 1.41
03-01-95 100 47.5 8 0.81 0.69 84.5 58.3 85.9 0.69
04-05-95 <15 56.9 5 0.70 1.00 82.0 81.8 82.8 0.99
Lower Riffle 11-30-94 100 46.8 >8 1.00 0.55 84.0 46.9 86.4 0.55
Reach
01-12-95 100 61.4 8 0.42 1.69 86.0 145 88.7 1.63
03-01-95 100 47.8 8 1.14 0.59 71.0 420 72.5 0.59
04-05-95 0 53.8 5 1.14 0.57 82.0 47.0 82.3 0.57

#Unable to measure all properties because of thin ice and deep water.

®Measurements may be tide affected.
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Table A2. Selected water-quality data and site characteristics for the lower Bradley River,
November 1994 to April 1995.

[mm Hg, millimeter of mercury; °C, degree Celsius; mg/L, milligram per liter; uS/cm, microsiemen per centimeter;
ft, foot; ft/s, foot per second; --no data]

Surface water Intragravel water Intragrave! sample

location
Baro-
Transect site metric ) e . . Depth of )
(fig. 3) Date pressure Temper- Dissolved Dissolved Specific Temper- Dissol- Dissolved water Surface
oxygen  conduct- ved oxygen water
(mmHg) ature  oxygen ature above .
°C) (mg/L) percent ance ©C) oxygen  percent streambed velocity
saturation (uS/cm) (mg/L) saturation (f) (ft/s)
Bear Island  12-01-94 775 0.0 14.8 100 70 -- 133 -- 0.80 0.6
01-11-95 759 0.0 144 99 75 -- 12.1 -- 0.80 0.0
03-01-95 780 0.5 144 98 - 62 - 14.1 - 0.45 0.3
04-05-95 752 1.0 14.1 100 64 -- 124 -- 1.10 0.6
Tidewater 12-01-94 775 0.0 14.8 100 69 - 11.4 - - -
01-12-95 762 0.0 143 98 68 -- -- -- -- -
03-01-95 778 0.0 14.4 96 62 -- 13.0 -- 04 0.2
04-05-95 754 1.0 14.0 99 - -- 124 -- 1.6 1.0
Tree Bar 11-30-94 770 0.0 14.7 99 74 1.0 134 90 <1.2 -
Reach
01-12-95 762 0.0 14.8 101 69 - - - - -
03-01-95 780 0.0 144 96 62 1.0 13.0 87 -- -
04-05-95 754 1.5 13.9 99 63 15 12.5 89 0.96 1.2
Below Fish ~ 12-01-94 774 0.0 15.0 101 70 -- 12.8 -- 04 0.6
Camp
01-12-95 762 0.0 14.8 101 69 -- - -- - -
03-01-95 781 0.0 145 97 62 -- 13.2 -- 04 0.5
04-05-95 754 1.0 14.0 100 - -- 125 -- 1.22 09
Upper Riffle  12-01-94 776 0.0 14.6 98 70 - 10.7 -- 0.80 04
Reach
01-12-95 762 0.0 14.7 101 71 - 11.4 -- 0.70 0.2
03-01-95 782 0.0 142 95 64 -- 139 0.65 0.1
04-05-95 752 1.0 13.0 99 65 -- 12.2 - 1.00 0.1
Lower Riffle  11-30-94 767 0.0 14.7 100 76 - 10.1 -- 0.90 1.2
Reach
01-12-95 762 0.0 145 99 71 -- 125 -- 0.80 <0.6
03-01-95 782 0.0 144 96 64 - 133 -- 0.15 0.5
04-05-95 752 1.0 13.8 98 64 - 10.8 -- <12 <20
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